The objective of this research was to study the condensation of zinc vapor to metallic zinc and zinc oxide solid under varying environments to investigate the feasibility of in-process separation of zinc from steelmaking off-gas dusts. Water vapor content, temperature, degree of cooling, gas composition, and initial zinc partial pressure were varied to simulate the possible conditions that can occur within steelmaking off-gas systems, limited to Zn-CO 2 -CO-H 2 O gas compositions. The temperature of deposition and the effect of rapidly quenching the gas were specifically studied. A homogeneous nucleation model for applicable experiments was applied to the analysis of the experimental data. It was determined that under the experimental conditions, oxidation of zinc vapor by H 2 O or CO 2 does not occur above 1108 K (835°C) even for highly oxidizing streams (CO 2 /CO = 40/7). Rate expressions that correlate CO 2 and H 2 O oxidation rates to gas composition, partial pressure of water vapor, temperature, and zinc partial pressure were determined to be as follows: 
I. INTRODUCTION
ELECTRIC arc furnaces (EAF) have become an important part of the steelmaking process in the United States. Over the last 20 years, EAF steel production has overtaken basic oxygen furnace steel production. Of the 88.2 million metric tons of steel produced in the United States in 2014, 62.6 pct was from EAF. Along with steel production, EAFs also produces EAF dust, a hazardous solid waste. Although EAF dust's composition is highly variable and dependent on the metal scrap being inputted into the furnace, [1] [2] [3] most of the dust has high concentrations of zinc oxide. [2] [3] [4] Most shops produce around 11 to 20 kg of EAF dust per ton of steel, or 7500 to 15,000 tons of EAF dust per year. [5] In 2008, NAFTA (North American Free Trade Agreement) countries produced 1,070,300 dry metric tons of EAF dust. [6] EPA regulation classifies EAF dust as a hazardous waste, and only two methods are approved by the EPA for disposing of the dust: to ship the dust to a zinc-recycling facility or to stabilize the dust and then place it in a specially lined hazardous waste landfill. [7] In 1999, 45 pct of the EAF dust in the United States and Canada was landfilled, with 93 pct of this dust being stabilized prior to disposal. [5] Although stabilization and landfilling has previously been the most economic method of EAF dust disposal in the United States, the steel industry is increasingly looking to recycle their EAF dust due to increasing landfill costs, potential future restrictions in landfilling permits, and the long-term liabilities associated with landfilling hazardous waste. [8] Both the environmental impact of the dust and the economic burden would be reduced if the zinc compounds of EAF dust could be separated from the iron content in situ, allowing for easier treatment. This may be possible by either filtering the iron oxide particles from the volatilized zinc right as it exits the smelter or rapidly quenching the off-gas from high temperature to low temperature. [7] Although high-temperature filtration might separate iron content from zinc before the zinc can condense onto the iron oxide particles, it would require additional off-gas equipment. The rapid quenching option causes the vaporized zinc to condense homogeneously as fine particles instead of as a zinc-iron complex, [9] allowing high zinc content and high iron content particles in the dust to be separated by particle size difference. [7] Both methods could result in separated high concentration zinc dust and in high concentration iron dust. As zinc content in the dust increases the cost of recycling, the dust decreases; if the content is high enough (50 to 60 wt pct), the dust can be sold for a profit. [7] Conversely, if the remaining high-iron dust has zinc content that is sufficiently low to meet the requirements for EAF or BF operations, it could be recycled back into the ironmaking process. Another option is that it may also be used directly as a base material for construction and cement. Suetens et al. [10] estimates that the energy efficiency of an ideal in situ separation process would be 54 pct, nearly twice that of the Waelz kiln, the most common process to treat EAF dust. These in-process separation methods might also be applied to recycling dusts from basic oxygen furnace and blast furnace off-gases, once fully developed. [8, 11] II. LITERATURE REVIEW A quick survey of the rate expressions for the oxidation of zinc vapor by CO 2 from research reveals that there are significant variations among experiments. Clarke and Fray [12] introduced the following rate equations:
Leonard [13] and Stansbury [14] determined that the rate of oxidation was independent of both zinc partial pressure and gas composition, according to the following rate equations: 
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Lewis and Cameron [15] found that although all deposition rates varied linearly with zinc partial pressure, only coarse deposits were inhibited by CO partial pressure and all other deposits had rates that increased linearly with CO partial pressure. Their rate equations are as follows:
½6
Pure CO deposits rate ¼ Àk 2 P Zn P CO mol cm 2 s ½7 Osborne [16] derived the following rate expression theorizing that carbon monoxide had an autocatalytic effect:
Venstrom and Davidson [17] found that a simplified version of Lewis and Cameron's [15] rate equation for coarse deposition fit best with their data (Eq. [9] ):
Although the rate equations are diverse, common to them is a linear dependency on zinc partial pressure and carbon dioxide partial pressure.
The observations regarding the H 2 O oxidation kinetics are more consistent, although not as thoroughly researched. Clarke and Fray [12] found the rate of oxidation increased linearly with excess zinc partial pressure with the square root of partial pressure of hydrogen.
Amico [18] found that the inclusion of small amounts of H 2 and H 2 O in the gas stream roughly doubled the rate of deposition. Cox and Fray [12] also found that including hydrogen in the system increased the oxidation rate by an order of magnitude (H 2 reacted with CO 2 to make H 2 O according to the water gas shift reaction).
The current work seeks to understand zinc oxidation and condensation in a steelmaking environment. Most previous investigations on the kinetics of zinc oxidation have focused on it from the perspective of the zinc industry, and thus, they have used much higher zinc partial pressures (0.5 to 0.01 atm) than those found in the steel industry (0.0001 to 0.01 atm) and limited temperature ranges (1073 K to 1273 K, or 700°C to 900°C). There has been no work on metallic zinc condensation. Moreover, most experiments introduced zinc into the system through evaporation of zinc within a ladle; this requires the gas to be saturated with zinc and presents the risk of zinc droplets forming within the gas phase, as well as fluctuations in zinc partial pressure with temperature.
In this work, a powder injection system was set up so that a constant flow of metallic zinc particles entered into an evaporation zone (1473 K or 1200°C). This was coupled with a ceramic filter to eliminate the risk of droplets or particles from affecting the oxidation rate, allowing for higher accuracy in zinc partial pressures. Zinc partial pressures were varied within the range of 0.0005 to 0.01 atm, CO:CO 2 ratios were varied from pure CO to CO 2 -N 2 only (no CO) systems, and water content was varied from 0 to 25 pct by volume. The temperature profile of the reactor was varied by changing the cooling rate of the gases, and at the typical flow rate of 4.4 L/min, rapid cooling and slow cooling rates were on average 500 and 250 K/s from the temperature of 1223 K to 473 K (950°C to 200°C) of gas residence time, respectively. Flowrate was not varied.
III. EXPERIMENTAL

A. Experimental Setup
The experimental setup is shown in Figures 1 through  4 , with Figure 1 showing the general setup for experiments, Figure 2 showing the three-zone furnace and the setup of quartz tubing and filter sections within it, and Figures 3 and 4 showing expanded images from Figure 2 . All experiments were performed at ambient pressure, which was 0.85 atm in Salt Lake City. In each experiment <10-lm diameter zinc powder was entrained in the primary carrier gas flow using a powder feeding system (Figure 1 , Powder Injection Feeder). Zinc containing carrier gas was shielded from the heat of the furnace as it approached the furnace entrance by concentric secondary and tertiary carrier gas flows surrounding it (Figures 1 and 4) . The flows were broken into three lines that eventually combined the primary, secondary, and tertiary carrier gas flows. The primary flow carried the powder to just before the entrance of the furnace where both the secondary and tertiary carrier flows were combined with the primary (see Figure 4 ). The solid zinc particles were carried into the 1473 K (1200°C) zone of the furnace (Zone 3) where they were vaporized. At this point, the carrier gas was contained within a 3/8¢¢ (9.5 mm) alumina tube and was kept separate from the reactant bulk gas. The reactant bulk gas flow was fed into its own 3/8¢¢ (9.5 mm) alumina tube, which carried it into Zone 3 of the furnace.
For experiments that included water content, water was fed into the reactant bulk flow using a high-precision peristaltic pump ( Figure 1 , Peristaltic Pump). The combined stream of water and gas was heated to >373 K (>100°C) with heating tape before it entered the reactor to ensure vaporization of the water before entering the furnace ( Figure 1 , Heating tape, Reactant Bulk Gas Flow and Water Vapor). Both the zinc-laden carrier gas and the reactant bulk gas flows were carried within their separate 3/8¢¢ (9.5 mm) alumina tubes until they were combined just before Filter 2 and passed through the Filter 2 (see Figure 3 ). Filters 1 and 2 were composed of a ring of firebricks surrounding a porous alumina filter with ZrO 2 ceramic felt filling the rest of the space ( Figure 3 ). Each was 3 cm long and completely filled the cross-sectional area of the reactor tube. Filter 2 ensured that any particles that reached this point were either vaporized or removed from the gas flow. The filter setup was run at room temperature with entrained zinc particles to determine whether it was possible for unevaporated particles to make it past Filter 2. There were no traces of zinc detected past the filter in the collection area after these tests. Moreover, SEM analysis of zinc particles pretreatment was compared with that of particles post-treatment, and it was concluded that all post-treatment particles could have in no way been unevaporated particles that made it through Zone 3. A small inert gas flow was used to guide the zinc vapor to travel forward in the reactor and to keep it from condensing at the entrance (Figures 1 and 3 ). The combined gases were carried through Zone 2 and then Zone 1, and Zn and ZnO condensed on the quartz tube (QT) sections placed within the reactor (Figure 2 ). Each QT sections was 7.6 cm long (3 inches) with an inner diameter of 4.0 cm, giving an inner surface area of 96 cm 2 .
Temperature profiles for rapid cooling and slow cooling are shown in Figure 5 . If rapid cooling was desired, Zones 1 and 2 were set at 1273 K (1000°C) and external fans were turned on to blow on the reactor tube just outside of the furnace, quickly cooling the gases. If slow cooling was desired, Zones 1 and 2 were left off, the external fans were left off, and the reactor was heated only by Zone 3, creating a gradual temperature profile.
Filter 1 caught most homogeneous particles entrained in the gas stream; Filters 1 and 2 were not added until Experiment 14.1, and Filter 1 was moved around within the reactor to test for the formation of homogeneous particles at different temperatures for experiments 14.1-14.4. (Table I provides a summary of the experimental conditions for the experiments referred to in this article.) Experiments before Filter 2 was added used Al 2 O 3 wool embedded at the end of the 3/8¢¢ (9.525 mm) zinc evaporation carrier gas tube to catch residual particles. A particle filter in the off-gas caught any residual particles ( Figure 1) . The gas was then bubbled through a scrubber and burned in a fume hood to ensure the safe disposal of all carbon monoxide within the gas stream.
B. Procedure
All QT and filter sections were weighed before and after each experiment to determine how much deposit formed on each segment. Gases entered at quartz tube section 15 (QT15) and exited at QT 1, which overlapped with the funnel leading to the off-gas (QT1 & Funnel).
After each experiment, samples were collected from the QT segments and XRD was used to determine the relative amount of metallic zinc to zinc oxide. All QT and filter sections were acid cleansed and then washed before reuse. Initial partial pressure of zinc vapor in the reactor was determined by assuming an average input value according to the amount of injected zinc divided by the time of the experiment (Eq. [10] ). The subsequent partial pressure of zinc within each QT section was determined by subtracting the number of moles of deposit on each section from the zinc partial pressure of the previous section (Eq. [11] ):
In every experiment, there was some zinc loss due to zinc deposition on the inside of the reactor tube. These losses were estimated by the yield, and efforts were made to minimize the loss. Most experiments typically had 60 to 80 pct yields; if yields were below 50 pct or above 100 pct, the experiment was repeated when possible or the results discarded. Experiments within typical yield ranges were shown to be reproducible. After finishing a set of highly oxidizing experiments, the furnace was heated up and the reactor flushed with CO to get rid of ZnO that had accumulated on inside of the furnace.
The observed rate of reaction for each QT section was determined by taking the total moles of zinc deposited on a QT section and dividing it by the inner surface area and the total time of an experiment. The chemical reaction rate component was determined from the observed rate of reaction (Eq. [12] ) [19] by calculating the mass transfer rate, or rate of diffusion, and taking this into account. This was done by assuming that the Prandtl (Pr) and the Schmidt (Sc) numbers are equal, allowing in turn the assumption that the Nusselt number (Nu) and Sherwood number (Sh) are equal (Eq. [13] ). [20] The Nusselt number was approximated as 3.66, allowing us to derive the mass transfer coefficient from the Sherwood equation (Eq. [14] ), [20] which was then in turn used to calculate the rate of diffusion of zinc within the tube. Finally, the inverse of the rate of diffusion (Eq. [15] ) was subtracted from the inverse of the observed rate, giving us the inverse of the chemical reaction rate (Eq. [12] ). Figure 6 shows the calculated 
IV. RESULTS AND DISCUSSION
A. XRD and SEM Analysis X-ray diffraction (XRD, Cu K-alpha wavelength 1.54 Å ) was used to identify the phases in the samples collected from QTs sections and filters as well as from the relative composition. Figure 7 show typical powder XRD patterns for selected experiments, and it shows typical results for ZnO (10a), metallic Zn (Figure 7(c) ), a mixture of the two (Figure 7(b) ), and the XRD peak standards for ZnO and Zn (Figures 7(d) and (e), respectively). The composition of mixture as shown in Figure 7 (b) was estimated by the program built in the XRD software (X'Pert High Score).
Several specimens were composed of very fine powder and were highly agglomerated, making it impossible to determine their crystallite size from SEM imaging. For these samples, the following Scherrer equation [21] was used to determine the average grain size:
To minimize the error of using this equation and to use the results of repeated experimental runs, the following modified Scherrer equation [22] was used:
Heterogeneous ZnO formation, or ZnO that nucleated from the wall of the quartz tubing, was a hard uniform thin white layer on the inside of the quartz sections. SEM imaging showed it to be similar to heterogeneous formations observed by Lewis and Cameron [15] (Figures 12 and 13 ). Metallic Zn formation was found most experiments as a loose spongey formation on the inner walls of the quartz sections, and metallic Zn particles were captured in the off-gas filter for those same experiments. Modeling analysis provided evidence that the wall Zn formations were driven by homogeneously nucleated zinc particles that collided with the walls and acted as growth sites (see Section V). Figures 8 and 9 show SEM images from ZnO wall formations. For experiments where rapid deposition occurred due to either relatively high zinc partial pressure or rapid cooling, large coarse crystals formed (Figure 8 ). For regions of slower deposition due to lower zinc partial pressures or slower cooling, fine needle-like structures formed (Figure 9 ). This is similar to the results obtained by Clarke and Lewis in terms of crystal structure. Figure 10 shows homogeneously formed metallic zinc particles that were caught in the off-gas particle filter. The largest particles are 2 lm in diameter, whereas most particles are nanoparticle agglomerations, and they are seen as the billowy formations in Figure 10 . Of the larger particles, some are crystalline Zn while others are spherical Zn particles. XRD analysis was again used on selected samples to confirm that they were metallic zinc, and for those samples, the modified Scherrer equation was used to determine the average grain size. Figure 11 shows SEM images from Experiment 4.1, one of only two experiments (4.1 to 4.2, where temperatures were held at (1223 K) 950°C as long as possible), which had the formation of a loose white powder on the bottom of the QT sections. The SEM image shows tetrapod-shaped ZnO crystals similar to those observed by Suyama et al., [23] meaning that this may be the formation of homogeneous ZnO crystals. This was not observed in any other experiments and all other ZnO deposition was determined to be heterogeneous formations, which is consistent with the findings of Stott and Fray. [24] B. Deposition Data Figure 12 shows the highest temperature of deposition for every experiment performed. The percent zinc recovered by QT section is determined by taking the moles of zinc from ZnO and metallic Zn collected on a given QT section and dividing it by the total input moles of zinc into the system. Experiments that were exceptions to this were those that had no CO input (CO 2 -H 2 O-N 2 experiments). Although pure CO 2 and H 2 O systems can occur in industry particularly right after combustion of the gases, most off-gas streams in industry coming straight off the EAF have a CO 2 :CO ratio less than 40/7. Almost all other experiments, including experiments with CO 2 :CO = 40/7 and 5 pct water content, had their highest temperature of deposition below 1108 K (835°C).
C. Oxidation Reaction Rates
Equations [18] and [19] are the primary reactions that occur in the oxidation of zinc from its vapor state. The experimental reaction rate for CO 2 oxidation was compared with the reaction rates of Clarke and Fray's [12] heavy deposit equation (Eq. [1] ), Leonard and Stansbury's [13, 14] equations (Eqs. [3] and [4] ), and Osborne's [16] equation (Eq. [8] ). As none of these reaction rates were found to predict the oxidation rate accurately, it was determined to use the theoretical rate equations for a single-step reaction, Eqs. [20] and [21] . The Arrhenius equation, shown in Eq. [22] , was used to express the rate constant (k) as a function of temperature: 
Experiments were performed with H 2 O-N 2 and CO 2 -N 2 mixtures and were used to determine the pre-exponential factor (A) and the activation energy (E). This was done by taking the natural logarithm of the rate of deposition for several QT sections at different temperatures and plotting this against the (À1/RT). Homogeneous nucleation of ZnO was determined to be negligible by Stott and Fray, [24] and throughout the course of experiments performed, this was also observed with only two exceptions, those being experiments 4.1 to 4.2, as mentioned. Therefore, the homogeneous nucleation of ZnO particles will not be treated here.
D. Kinetics of Zinc Oxidation by CO 2
Three sets of experiments were performed with a 79 pct N 2 -21 pct CO 2 mixture to determine the kinetics of zinc oxidation by carbon dioxide. Figure 13 shows the natural logarithm of the rate of zinc oxide deposition vs (À1/RT), and it gives us Ln(A) and the activation energy (E). This is summarized in Eq. [23] . Equation [24] shows the full rate equation for the oxidation of zinc vapor by carbon dioxide, and it assumes that the heterogeneous deposition of ZnO is proportional with surface area. The pre-exponential factor is a little less than half that determined by Ventrom and Davidson, [17] but the activation energy is similar with theirs (44 kJ/mol): Figure 14 shows all of the oxidizing experiments that had dry CO 2 -CO-N 2 gas mixtures (no water content), and it compares the experimental deposition rate vs their calculated deposition rates, according to the reaction rate equation (Eq. [14] ). The black line represents a perfect fit, and the closer the data points come to it, the more accurate they are. Figure 15 shows the calculated reaction rate divided by the actual reaction rate vs temperature within the optimum temperature range of 600 K to 1000 K (327°C to 727°C). It shows that the model tends to underpredict the rate at low temperatures and overpredict the rate at higher temperatures. Uncertainty in chemical kinetics experiments can be high, and for these experiments, deviations from the predicted rate and the experimental rate were around one order of magnitude difference ( Figure 16 ). Given the large variations in experimental variables and the inherent uncertainty in kinetics data, the reaction rate is a reasonable fit for the general CO 2 oxidation reaction.
E. Kinetics of Zinc Oxidation by H 2 O
Two sets of experiments were performed with a 95 pct N 2 -5 pct H 2 O mixture to determine the rate of oxidation by water vapor. Figure 16 shows the natural logarithm of the rate of zinc oxide deposition vs (À1/RT), and it gives us Ln(A) and the activation energy (E). This is summarized in Eq. [25] . Equation [26] shows the full rate equation for the oxidation of zinc vapor by water vapor, and it assumes that the heterogeneous deposition of ZnO is proportional with surface area: Figure 18 shows the calculated reaction rate divided by the actual reaction rate vs temperature within the optimum temperature range of 600 K to 1000 K (327°C to 727°C). The model is uncertain about one order of magnitude either way in predicting the rate of oxidation by H 2 O. There is about one order of magnitude difference between calculated rates and experimental rates for these experiments (Figure 17) , which is consistent with the previous data's accuracy. There is also unfortunately almost no data for experimental rates less than 1EÀ6 mol/m 2 /s, as oxidation by water vapor occurred much more quickly than by CO 2 and the experimental setup could not reach conditions that would allow for lower oxidation rates. Again, given the large variations in experimental variables and the inherent uncertainty in kinetics data, this model has a reasonable fit for wet oxidation reactions, although again deviation increases as the rate of oxidation decreases due to experimental uncertainties. Table II shows several examples of CO 2 and H 2 O rate constants compared with each other. For the temperature range of 100°C to 1000°C, the rate constants for oxidation of zinc by water vapor are always larger than are the rate constants for the oxidation of zinc by carbon dioxide. Therefore, water is much more oxidizing than carbon dioxide.
F. Effect of Cooling Rate on Zn:ZnO Ratios
In terms of cooling rates, rapid cooling (500°C/s) has the capacity to significantly increase the Zn:ZnO ratio of deposition as opposed to slow cooling (250°C/s). Figure 19 shows the log value of the Zn:ZnO ratio for high CO 2 experiments and compares rapidly cooled experiments with slowly cooled experiments. The squares represent the mean value, and the bars represent 
V. HOMOGENEOUS NUCLEATION AND METALLIC ZINC DEPOSITION
A. Homogeneous Nucleation Theory
To describe homogeneous metallic zinc nucleation, the particle nucleation model by Panda and Pratsinis [25] was implemented into a MATLAB numerical solution program. The model predicts particle formation, growth, coagulation, and average diameter as a function of residence time, temperature, and initial supersaturation of the condensing species. The model assumes that homogeneously nucleated particles travel with the gas stream and are spherical, and it uses kinetic theory for particle nucleation. [26] The rate of change of the particle diameter with time by condensation is computed by the FuchsSutugin interpolation formula. [27] B. Comparison with Zn Condensation Data When using the model for homogeneous particle formation just mentioned, the metallic zinc deposition for nonoxidizing gas mixtures were calculated. Figure 21 compares the measured and calculated metallic zinc deposition for a typical nonoxidation experiment. The calculated results achieved rapid nucleation when they reached a temperature at which the degree of supersaturation became 3000; i.e., the partial pressure of Zn is 3000 times the saturation vapor pressure at the temperature. In other words, the model predicted rapid deposition of zinc upon reaching a critical temperature, as can be seen in Figure 21 as the steep increase in deposition amount. This deposition temperature is determined mostly by the initial zinc partial pressure. For an initial zinc partial pressure of 0.001 atm, the model predicts rapid nucleation of metallic zinc at 550 K (277°C). To confirm this, a set of experiments was performed where a firebrick ceramic filter was placed within the high-temperature region of the reactor [840 K (567°C)] and then moved closer and closer to the cooler region of the reactor until it was found to capture zinc particles. The temperature where it was found to have zinc deposition was 523 K (250°C). In an additional experiment, the initial zinc partial pressure was set to 0.01 atm and a filter section was placed at the temperature where rapid nucleation was calculated for this zinc partial pressure, 623 K (350°C). It was found that most of the zinc deposition occurred before the filter. All of this indicates that the majority of metallic zinc deposition found within the reactor was from homogeneous nucleation. Both SEM and visual observation could not determine this due to the zinc particles sintering and then growth in crystalline shapes after particles collided with and rested on the quartz tubing walls. It can be concluded that the faster the zinc nucleation temperature is reached, the more metallic zinc particles are formed as opposed to heterogeneously formed ZnO. This explains the trend of rapid cooling leading to a higher Zn:ZnO deposition ratio shown previously, and it allows the possibility of an in situ separation technique using rapid cooling.
VI. CONCLUSIONS
It was determined that under controlled conditions, measurable oxidation by H 2 O or CO 2 above temperatures of 1108 K (835°C) was not evident, even for streams that had high CO 2 partial pressures (CO 2 :CO = 40/7), as well as for gases with up to 9 pct H 2 O content. Rates of oxidation by CO 2 and H 2 O within the zinc partial pressure range of 0.01 to
